A determinant of axon regeneration is the intrinsic growth ability of injured neurons, which dictates a battery of injury responses in axons and cell bodies. While some of these regulatory mechanisms are evolutionarily conserved, others are unique to the mammalian central nervous system (CNS) where spontaneous regeneration usually does not occur. Here we examine our current understanding of these mechanisms at cellular and molecular terms and discuss their potential implications for promoting axon regeneration and functional recovery after nerve injury. (2010). Calcium and cyclic AMP promote axonal regeneration in Caenorhabditis elegans and require DLK-1 kinase. J. Neurosci. 30, 3175-3183.
Introduction
In the adult mammalian CNS, most injured axons do not regenerate, reflecting a major hurdle for functional recovery after trauma. Numerous efforts over more than a century have been devoted to uncover the underlying mechanisms of regeneration failure. Classic studies showed that regeneration fails in all white matter tracts, regardless of the axon tract composition or arrangement (Ramon y Cajal, 1928) . Later studies by Aguayo and his colleagues demonstrated that some injured CNS axons are able to regrow into grafted permissive substrates, convincingly revealing a key role of environmental factors in restricting regenerative growth David and Aguayo, 1981) . Follow-up studies identified a number of inhibitory factors associated with the glial scar, myelin debris and even axonal components (Case and Tessier-Lavigne, 2005; Silver et al., 2015; Schwab and Strittmatter, 2014) . Manipulations that abolish or neutralize these inhibitory molecules result in enhanced anatomical regrowth of some types of axons. However, in most cases, only small numbers of injured CNS axons can regenerate, consistent with the idea that lack of regeneration in the adult CNS is an intrinsic property of the injured neurons. In further support of this, recent in vivo imaging studies revealed that even in precise laser-mediated lesions that produce little scarring, most axons still cannot regenerate in the adult mouse brain (Canty et al., 2013; Lorenzana et al., 2015) . Therefore, a major challenge has been to define the underlying cellular and molecular mechanisms that determine neuronal intrinsic regenerative ability, with the goal to construct a foundation for designing therapeutic neural repair strategies.
Regenerative growth of injured axons likely involves a process similar to axon growth in the developing CNS but with numerous added roadblocks. Once a neuron has achieved homeostasis after injury-induced physical and metabolic disruptions, regrowth of axons requires a polarized extension guided by growth cone-like tips, which may be fundamentally similar to those of developing axons during embryonic stages. However, while embryonic neurons form growth cones near neuronal cell bodies or branchpoints, injured axons need to form growth cones from severed axon stumps. In addition, because of the significantly increased body size in the adult, regenerating axons often need to grow over much longer distances than the axons of developing neurons, creating challenges for both synthesizing these building materials and transporting them to the growing ends. Therefore, understanding how injury is detected and what internal signaling events trigger and coordinate these regenerative responses in both axon and soma should be crucial for understanding the mechanisms that control intrinsic regenerative ability. In this review, we will first introduce a few commonly used experimental models and summarize the general regulatory mechanisms in regenerative growth, and then describe different manipulations that could be used for promoting axon regeneration in the adult CNS.
Brief Description of Experimental Models
Injury Models in Higher Mammals CNS: Among injury models in different parts of the CNS, spinal cord injury and optic nerve injury have been most extensively employed to study axon regeneration. Because clinical conditions often involve incomplete injury with different degrees of axonal sparing, injury models, such as contusion, have been devised to study clinically-relevant mechanisms and repair strategies. However, such partial injury models are inevitably associated with anatomical variations, and are thus not ideal for accurately assessing axon regeneration, especially when the numbers of regenerating axons are limited. Instead, for axon regeneration studies, complete lesions of entire or specific parts of the axon tracts, using scissors for transection or forceps for crush injury, are most common. While rodent-based CNS injury models are widely used, development of injury models in nonhuman primates has some advantage to investigate conditions more relevant to clinical settings (Rosenzweig et al., 2010; Friedli et al., 2015) . However, an issue with these traditional mechanical injury paradigms is that a large number of axons are simultaneously lesioned, thus it is difficult to measure accurately the injury responses at the level of individual axons. In this aspect, recent advances in single-neuron laser axotomy and in vivo time-lapse imaging in the adult CNS provide a new set of models for regeneration studies (Kerschensteiner et al., 2005; Ylera et al., 2009; Canty et al., 2013; Lorenzana et al., 2015) . With the emerging realization of different regenerative ability of neuronal types, such methods are powerful in dissecting the underlying mechanisms.
In addition to regeneration from injured axons, spared axons can elaborate collateral sprouting that may form new pathways that transmit neuronal signals to the denervated targets, mediating compensatory functional recovery. Based on anatomical properties, a variety of lesion models, such as unilateral pyramidotomy (severing the corticospinal axons from one side of hemisphere before the pyramidal decussation), or spinal cord lateral hemisection (transecting all passing axons in one side of the spinal cord), have been designed to investigate compensatory sprouting of different types of axons (Raineteau and Schwab, 2001) . Although from undamaged axons, such sprouting responses also depend on the intrinsic regenerative ability of ''responding'' neurons.
PNS: Adult PNS neurons retain regenerative ability after injury, thus serving as a useful model to study how regenerative program is turned on or switched off. Many studies have focused on the axons from sensory neurons in dorsal root ganglia (DRG) and in sympathetic ganglia. DRG neurons are unique because their axons bifurcate into two separate branches: a peripheral branch innervating targets such as skin and muscles, and a central branch relaying the sensory information to the CNS. While injured peripheral axons are able to regenerate, the central branch from the same DRG neurons fail to do so. However, a prior injury to the peripheral axons, termed a conditioning lesion, primes the sensory neurons to regenerate after subsequent injury of either their peripheral or central axon (McQuarrie and Grafstein, 1973; Richardson and Verge, 1986; Neumann and Woolf, 1999) . Combined with other treatments, this manipulation promotes long-distance regeneration of ascending central axons after spinal cord injury (Kadoya et al., 2009) .
Mechanistic studies of conditioning lesions have provided valuable insights into the question of how dormant growth ability in adult neurons is activated. It appears that this occurs mainly by regulating gene expression programs: downregulating genes for neuronal activity such as ion channels and proteins involved in neurotransmitter synthesis, along with neuronal maintenance genes like neurofilaments and other intermediate filaments, but upregulating pro-growth transcriptional factors, such as ATF3, HIF-1a, c-Jun, Sox11, Smad1, and STAT3, as well as cAMP, arginase 1, and a number of growth-associated proteins including GAP-43, CAP-23, SPRR1a, and cytoskeletal components (Enes et al., 2010; Hannila and Filbin, 2008; Hoffman, 2010; Cho et al., 2015) . In addition, PNS injury models also serve as a paradigm to dissect the intermediate steps from axotomy to the activation of such regenerative programs. Further studies will reveal a comprehensive picture of the activation of regenerative programs in the regeneration-competent neurons of the PNS. Injury Models in Invertebrates and in Non-Mammalian Vertebrates C. elegans: The microscopic nematode C. elegans has a simple nervous system, and its 3-day life cycle is well suited for molecular and genetic manipulations. C. elegans is also transparent, allowing precise laser surgery of single axons labeled by fluorescent proteins in live animals (Yanik et al., 2004) . The severed axon stumps exhibit robust, albeit variable responses to initiate regrowth, however, the trajectory of regenerating axons is error-prone (Yanik et al., 2004; Wu et al., 2007) . The stochastic and misguided responses may be similar at the morphological level to the aborted axon regeneration observed in the mammalian CNS after laser micro-injury (Canty et al., 2013) . Since C. elegans lacks myelinproducing glia and laser ablations cause little damage to surrounding tissues, this injury model offers single-axon resolution for examination of intrinsic regenerative responses.
Immediately after laser severing, the injured axons and neuronal soma display a calcium transient, whose amplitude depends on voltage-gated calcium channels and calcium internal stores, and is positively correlated with the extent of axon regrowth (Ghosh- Roy et al., 2010; Sun et al., 2014) . Laser axotomy also causes damage to the axonal cytoskeleton and membrane. In vivo imaging of microtubule dynamics after injury has revealed a rapid dissolution of microtubules at the injury site (Chen et al., 2015) , followed by upregulation of dynamic microtubules at the injury site, then by increase in the persistence of microtubule growth concomitant with growth cone reformation (Ghosh- Roy et al., 2012) . Genes that are classically thought to function in synaptic vesicle exocytosis are implicated in the early injury response , Nix et al., 2014 , possibly contributing to the formation of vesicular cargos. A great strength of the C. elegans injury model lies in the power to perform largescale genetic screens for injury-response and regeneration defects. Taking advantage of the gene conservation between C. elegans and mammals, two independent screens have been carried out in two types of axons, the mechanosensory PLM axon and the GABAergic motor neuron axons Nix et al., 2014) . These studies have uncovered more than 100 genes that influence axon regrowth rate and pattern, many of which had not been previously implicated in axonal regeneration, such as DLK-1 kinase, microtubule regulator EFA-6, and RNA ligase RTCB-1. Additionally, a novel growth factor pathway was implicated to JNK kinase cascade in motor axon regeneration . Together, the findings from C. elegans have provided invaluable insights to delineate the signaling network induced by axon injury.
Drosophila: Drosophila neurons display great diversity based on morphology, location, and developmental stage. Multiple injury paradigms, such as needle punching to the adult brain, physical breakage of the olfactory nerve, and surgical transection of wing vein nerve, have recently been introduced to examine neuronal responses in different regions of the larval and adult nervous system. Mechanistic investigations of axon regeneration have mostly been carried out in the larval nervous system, following mechanical pinching of the nerve cord (Xiong et al., 2010) or laser axotomy of individual neurites (Stone et al., 2010; Song et al., 2012 Song et al., , 2015 . Combined with live imaging and genetic manipulations, these studies have revealed remarkable parallels to phenomena in mammalian CNS and PNS regeneration. For example, larval sensory neurons have dendrites residing in the periphery and axons extending in both periphery and central environment, resembling DRG neurons in mammals. Laser axotomy triggers differential responses, depending on site of injury, and on the type of neuron and neurite (Song et al., 2012) . In addition, axon regrowth can be enhanced by a conditional lesion, as well as genetic manipulation of multiple signaling pathways, including JNK MAP kinase, Pten/Akt, and the Rtc RNA ligase (Song et al., 2012 (Song et al., , 2015 . With its rich genetic toolbox, studies using Drosophila injury models are expanding the landscape of factors involved in axon regeneration.
Zebrafish: The optical transparency of zebrafish endows its reputation as a prime model for in vivo long-term imaging of tissue interaction and cellular dynamics. Various injury methods can be easily performed, such as stab lesion to the brain, transection of spinal cord, chemical and mechanical injuries of retina or optic nerve, and precise axon severing by laser (Becker and Becker, 2014) . Unlike mammals, zebrafish do not form glial scars at lesion sites, and display remarkable abilities to heal wound and restore tissue integrity. Multiple types of neurons can regrow their axons over long distances in the CNS environment, subject to environmental cues (Becker and Becker, 2014; Isaacman-Beck et al., 2015) . Moreover, injury induces the generation of new neurons, which can differentiate and integrate into functional neural circuits. Mechanistic studies have supported evolutionary conservation of several regeneration-promoting pathways, such as cAMP, SOCS3/STAT3 and transcriptional regulation (Elsaeidi et al., 2014; Veldman et al., 2007) , as well as roles of neurotransmitters and Notch signaling in the induction of neurogenesis (Barreiro-Iglesias et al., 2015; Reimer et al., 2013) . With increasing knowledge of regeneration-specific gene expression and tractability of genetic manipulation, studies using zebrafish injury models have the advantage to rapidly assess functional consequences and further establish in vivo avenues to test pharmacological intervention, as well as advancing our understanding of injury-induced neurogenesis in tissue repair.
Other Animals: Injury models in other invertebrates including the sea slug Aplysia californica, squid, and leech, and in nonmammalian vertebrates such as goldfish and lamprey, have long been used to examine regenerative responses, generally because of the large size of neurons, the ease of neuronal culture and pharmacological manipulations, and the accessibility for direct observations of regenerating neurites. These studies revealed similarities in immediate cellular activities in response to axotomy, including calcium influx, membrane remodeling and vesicle formation, cytoskeleton rearrangement, and changes in axonal transport (reviewed in Bradke et al., 2012) .
Initiation of Axon Regeneration: Growth Cone Formation
As revealed by in vivo imaging, many axons reform motile growth cone-like structures within hours after a crush injury in the mammalian PNS (Pan et al., 2003; Ertü rk et al., 2007) . However, in the CNS, injured axons often retract from the lesion site or exhibit fragmented degenerative morphologies (Kerschensteiner et al., 2005; Lorenzana et al., 2015) . In some cases, severed CNS axons show immediate local sprouting, which eventually becomes a swollen and disorganized dystrophic ending (Tom et al., 2004; Ertü rk et al., 2007) , as initially described by Ramon y Cajal (Ramon y Cajal, 1928) . Such morphological differences are also observed in cultured neurons with similar environmental conditions: while the majority of cut neurites from peripheral sensory neurons form growth cones, only a very small portion of adult retinal ganglion cells do so (Verma et al., 2005) . These observations suggest that the formation of a motile growth cone-like structure may be a key difference between regeneration-competent and -incompetent axons (Figure 1 ).
Different Types of Growth Cone-like Structures in Regenerating Axons
Studies of developing neurons in culture have shown that a growing tip of an axon usually contains three main regions: a peripheral domain containing a dense meshwork of actin forming lamellipodia and filopodia, a transition domain where actin filaments anchor into a loose network of microtubules, and a central domain containing splayed microtubules and organelles of varying sizes ( Figure 1 ; Dent and Gertler, 2003) . It has been proposed that during rapid neurite outgrowth, filopodia and lamellipodia elongate by polymerizing F-actin at their distal ends which adhere strongly to an extracellular matrix, thus effectively pulling the axon forward through forces generated by actin-myosin molecular motors (Dent and Gertler, 2003) . In vivo, growth cones with thin torpedo-shaped structures have also been observed in regenerating axons in the mammalian PNS (Pan et al., 2003; Ertü rk et al., 2007) and in the sea lamprey ). In the latter case, these growth cone structures have little F-actin, lack long filopodia and lamellipodia, but are filled with neurofilaments. Thus, protrusive forces generated by microtubule polymerization or assembly of neurofilaments might be important for regenerative growth.
Cellular Events in Growth Cone Regeneration
In regeneration-competent axons, formation of regenerative growth cones or motile tips involves several steps ( Figure 1) . First, the ruptured membrane needs to be resealed. Studies in Aplysia neurons showed that this resealing is critically dependent on calcium influx either through disrupted membrane at the lesion site or via voltage-gated calcium channels (Ziv and Spira, 1997) . In turn, the increased intracellular calcium activates proteases such as calpains, and promotes calcium-dependent membrane fusion. Subsequently, activated calpains cleave submembranous spectrin, releasing membrane tension and allowing lipid vesicle access to the plasma membrane (Kamber et al., 2009 ). Calcium-dependent exocytosis is crucial for efficient vesicle fusion with the plasma membrane via SNARE proteins. Differences in membrane resealing capabilities are observed across neuronal subtypes (Williams et al., 2014) , which may influence the ability to mount a regenerative response.
Second, intra-axonal organelles are also affected by axotomy and thus their reorganization is an important step during the initiation of axon regeneration. In cultured Aplysia neurons, axotomy triggers immediate alterations of the cytoskeleton in the axonal stump, among which is a retrograde wave of microtubule depolymerization (Erez and Spira, 2008) , which appears to be a conserved process among different types of neurons in many species (Chen et al., , 2015 . However, subsequent outcomes vary depending on the neuron type: regeneration-incompetent axons form retraction bulbs with disorganized microtubule networks, whereas regeneration-competent growth cones possess the typical bundling of microtubules ( Figure 1 ; Tom et al., 2004; Ertü rk et al., 2007) . Importantly, pharmacological destabilization microtubules of sensory neurons in culture induces retraction bulb formation (Ertü rk et al., 2007). Conversely, microtubule stabilization prevents the formation of retraction bulbs and even promotes axon regrowth from C. elegans to mammals (Ertü rk et al., 2007; Chen et al., 2011 Chen et al., , 2015 Hellal et al., 2011; Nawabi et al., 2015; Ruschel et al., 2015) . In addition to microtubules, other cytoskeletal components also undergo injury-induced remodeling (Bradke et al., 2012) . For example, as discussed above, calpain-mediated spectrin cleavage is crucial for membrane resealing and growth cone formation. F-actin structures also undergo similar axotomy-triggered destabilization processes, but their underlying mechanisms are much less understood .
Molecular Regulation of Growth Cone Regeneration
Consistent with a key role of cytoskeleton rearrangements, a number of axonal localized proteins that can stabilize microtu-
Figure 1. Growth Cone Formation as a First
Step of Axon Regeneration Upon axonal insults, a battery of cellular events occur to the axon injury site, including the rupture of axon plasma membrane, calcium and ion influx, and cytoskeleton disassembly, among others. Although the distal segment undergoes a selfdestructive degeneration, the fate of the proximal end depends largely on the type of axon and the nature of the injury. In regeneration-competent neurons, a motile growth cone reform with reorganized cytoskeletons, which will guide the polarized extension. However, in regenerationincompetent neurons, injured axonal stumps transform into a retraction bulb with largely disorganized microtubules and other organelles.
bules and/or F-actin have recently been implicated as important regulators of axon regeneration. Studies in C. elegans identified a novel regeneration inhibitor, the EFA-6 protein, a member of a conserved family of proteins defined by the presence of a SEC7 (Arf6 GEF) domain . Loss of EFA-6 function in C. elegans results in increased microtubule dynamics and enhanced regrowth, while its gain-offunction represses microtubule dynamics and inhibits regrowth. Strikingly, axon injury triggers rapid relocalization of EFA-6 from plasma membrane to axonal puncta containing the minus end binding protein Patronin/CAMSAP, itself required for regeneration (Chuang et al., 2014) . Independent of its Arf6 GEF activity, EFA-6 acts to destabilize axonal microtubule dynamics, and interacts directly with two microtubule-binding proteins, Transforming Acidic Coiled Coil (TACC/TAC-1) and Doublecortin-like-kinase (DCLK/ ZYG-8), both of which are required for regeneration (Chen et al., 2015) . Mammalian DCLK1 and 2 are expressed in adult neurons, and are downregulated upon injury . In both PNS and CNS, overexpression of these proteins can promote growth cone formation and axon regeneration by stabilizing both microtubules and F-actin structures in injured axon stumps . Interestingly, other microtubule-associated proteins fail to mimic the activity of DCLKs, perhaps reflecting their unique property of binding the recess between microtubule protofilaments.
Injury triggers cascades of signaling events in axonal stumps to coordinate local reorganization and communication with cell bodies. Recent work in multiple organisms has revealed the DLK (dual leucine-zipper kinase) MAPK cascade as a key early sensor of axon injury (Hammarlund et al., 2009; Yan et al., 2009; Shin et al., 2012; Watkins et al., 2013) . DLK appears to be activated by a combination of damage signals that may include calcium influx and microtubule disruption. Activation of DLK pathway signaling triggers multiple downstream effectors, including transcriptional responses (see below) and altered axonal microtubule stability (Ghosh- Roy et al., 2012; Valakh et al., 2013) . In addition, genetic and pharmacological elevation of cyclic AMP levels also promotes growth cone regeneration across different species (Hannila and Filbin, 2008; Ghosh-Roy et al., 2010; Jin et al., 2009 ). Since growth cone regeneration involves coordinated reorganization of cytoskeleton and other axonal structures, future studies need to elucidate the reorganization and mechanisms of these components in both regeneration-component and -incompetent neurons.
Extension of Regenerating Axons
During embryonic stages, axons reach their targets first through de novo outgrowth, followed by ''tethered growth'' in which axons elongate with termini tethered to their targets. As animals increase in body size during postnatal and adolescent stages, the axon length derived from tethered growth is much longer than that accounted for by the initial de novo growth. In contrast, after injury in the adult CNS, regenerating axons Immediately after injury, the extension of a regenerating axon relies on the supply of the materials from at least two sources. (1) In the early phase of axon regeneration, pre-existing vesicles in the proximal axon segment could fuse with the axolemma for membrane resealing and transient axonal sprouting. (2) Local synthesis of lipids and proteins could be added to extending axonal terminals. However, this activity is very limited in most adult CNS neurons.For sustained axon extension, long-range anterograde transport serves as a major source for axonal extension. However, in the adult CNS, injury often inhibits such transport, which might contribute to the regeneration failure after injury. need to carry out de novo growth over long distances to reach their targets. This lengthy regrowth period demands a constant supply of membranes, cytoskeleton, organelles and other building blocks to the growing tip ( Figure 2 ). In the initial phase of regeneration, these components could be simply derived from pre-existing sources. Local biosynthesis might be one solution to bypass energy-costly axonal transport from the cell bodies. In fact, axons possess endoplasmic reticulum (ER) and other organelles, which could support the local synthesis of lipids and proteins. A number of studies showed that local protein synthesis occurs at least in developing axons and adult PNS axons (Rishal and Fainzilber, 2014; Holt and Schuman, 2013) , although it remains unknown how such local protein synthesis is regulated. In the later stages of regeneration, cell body derived materials are likely to be a key source for axon extension. If an injury occurs in the distal segments of long projection axons, such as corticospinal axons in mammals, it will require a tremendous amount of energy to support long-range axonal transport of materials to sustain regenerative growth. As such, the extension of regenerating axons is critically dependent on the regulation of axonal transport.
Regulation of Axonal Transport in Regeneration
Proteins exhibit a diffusion coefficient of 10 À9 cm 2 per second, whereas lipids diffuse ten times faster, thus without active transport it would take a week to bridge a length of 1 mm (Futerman and Banker, 1996) . The randomly oriented actin filaments make the actin-myosin transport system suitable for spreading out cargos throughout the cell, but less ideal for directed, longdistance axonal transport. Thus, most materials necessary for regrowth of injured axons rely on the microtubule-dependent transport.
Early pulse-labeling studies defined different forms of anterograde transport: the fast component carrying vesicles and membranous organelles, the slow component a (SCa) transporting neurofilaments, tubulin, and microtubule-associated proteins (MAPs), and the slow component b (SCb) for cytoplasmic proteins such as glycolytic enzymes and actin (Lasek et al., 1984) ( Figure 2B) . Importantly, the same motors are responsible for both slow and fast components and the different rates of transport are the result of intermittent pausing of cargoes during transport . Recent studies have revealed that selective assembly and disassembly of F-actin in axons appear to regulate cargo pausing and interaction with molecular motors (Ganguly et al., 2015) , suggesting an additional regulatory mechanism.
An intriguing observation is that the speed of axon elongation is remarkably similar to the rate of the SCb in regenerating PNS axons (Wujek and Lasek, 1983) . A speculated explanation is that the cargos carried by the SCb transport are limiting to axon regeneration. In this regard, it has been shown that several glycolytic enzymes are among these SCb components in regenerating sciatic nerves (Mar et al., 2014) . In light of recent observations that glycolysis is an essential source of ATP for fast axonal transport (Zala et al., 2013) , increasing SCb transport might indirectly improve other forms of axonal transport, such as mitochondria transport. Thus, analyzing the role of other components of SCb in axon regeneration might provide new hints into the regulatory mechanisms of axon regeneration.
Membrane Insertion in Axon Regeneration
Among other axonal components for regrowth, membrane addition deserves special consideration. An embryonic axon of 1 mm in diameter typically extends 0.5 mm in length per day. This translates into a rate of surface area increase of more than 1 mm 2 per minute. Axons possess components of ER and Golgi, the machinery for protein and lipid synthesis. While some of these components may be locally synthesized, the bulk of lipids and membrane proteins are synthesized in the ER of neuronal soma, and must be delivered to elongating axons. The expansion of the ER in the cell bodies of neurons with regenerating axons may serve to meet the demand for increased membrane biogenesis.
Axolemmal expansion is thought to require the fusion of vesicles with the plasma membrane. Thus far most of our knowledge on membrane insertion comes from studies of de novo axon outgrowth (tipped by growth cones) of cultured embryonic neurons (Craig et al., 1995) . It appears that this depends on the presence of vesicle SNARE proteins (v-SNAREs), which recognize membrane proteins of the target membrane (t-SNAREs). As a result, they form the SNARE trans-complexes that bring two membranes into close proximity for fusion. Both the trans-Golgi network and Golgi-independent endosomal pathways have been proposed as lipid sources for growing axons and dendrites. Studies from Drosophila showed that limiting ER-to-Golgi transport results in decreased membrane supply from soma to dendrites, while axonal growth remains unaltered (Ye et al., 2007) , suggesting a distinct contribution of these pathways to axonal and dendritic growth. Axonal vesicles frequently exhibit late endosomal markers such as LAMP1 and undergo calciumdependent exocytosis via the synaptotagmin family of proteins, suggesting that late endosomes and/or lysosomes could be important membrane sources for growing axons. In cultured hippocampal neurons, IGF1 regulates membrane expansion at axon terminals via a signaling cascade involving TC10 and the exocyst complex (Dupraz et al., 2009 ). In C. elegans genetic screening, loss of function in several synaptic vesicle endocytosis genes results in decreased axon regeneration . More recently, the phosphatase Sac2, which promotes endocytic trafficking by dephosphorylating PI(4)P has been shown to regulate axon regrowth in vitro and in vivo (Zou et al., 2015) , providing an additional mechanistic link between endosome recycling and axon growth.
Where membrane insertion occurs during axon regeneration still is an open question. Because of similarity to growth coneled developmental elongation, it is assumed that axonal stumps are the main insertion sites in regenerating axons. However, at least in dendrites, membrane appears to be added to multiple sites along the dendritic surface possibly via dendritic Golgi outposts (Horton and Ehlers, 2003) . Although equivalent structures have not been found in axons, it is possible that free vesicles that are not associated with moving motors may integrate into the nearby membrane of axon. In fact, during postnatal maturation, most axons continue to grow even after establishing their synaptic connections during early development. This tethered growth of integrated axon tracts occurs in a growth cone-independent manner and can be recapitulated in vitro (Smith, 2009 ). Understanding the underlying mechanisms of these growth cone-independent processes might help design strategies to facilitate regenerative growth in adults.
Cell Body Responses
Classic studies have described a series of histological alterations, termed chromatolysis, that occur in the cell bodies of acutely injured neurons. These include dispersion of Nissl substance and peripheral dislocation of the nucleus (Lieberman, 1971; Cragg, 1970) . Depending on the neuronal types, surviving neurons exhibit rather different morphologies: neurons with regenerating axons remain hypertrophic and show increased metabolism and protein synthesis (Kreutzberg 1982) , but many other types of neurons, especially those in the adult CNS, appear to become atrophic, and display reduced cell volumes and reduced dendritic arborization (Plunet et al., 2002) . Intriguingly, even in chronic conditions such injury-induced atrophic events could be reversed by manipulations of promoting axon regeneration Ylera et al., 2009) . These observations suggest a correlation between anabolic (synthetic) metabolism and regenerative state in injured neurons (Figure 3 ). Most mature neurons in a living organism are maintained in a metabolically inert state, producing energy mainly through catabolic processes to fuel the maintenance of energy-costly homeostatic processes, such as cytoskeletal function, and ion and nutrient transport. Therefore, for an injured neuron to initiate regenerative growth, it needs to shift toward anabolic processes, allowing for de novo synthesis of macromolecules necessary for the extension of regenerating axons (Figure 3) . Thus, it is critical to understand whether and how an injured neuron responds to insults and adjusts the metabolic status in the neuronal cell body.
Injury Signals
As a prerequisite for initiating a regenerative program, the soma needs to be informed that an insult has occurred. Injecting axoplasm from injured Aplysia sensory neurons triggers regenerative responses in uninjured neurons, providing the initial evidence for the importance of such positive injury signals (Zhang and Ambron, 2000) . Recent studies in different experimental models have led to the identification of a number of molecular candidates for such injury signals and have also begun to reveal their temporal and spatial dynamics in injured axons and neurons.
As discussed above, a number of changes occur in an axon immediately after axotomy. Among these, perhaps the best characterized is the elevated calcium level in the injured axonal stumps. It is well documented that calcium flux as a result of neuronal activity can lead to a series of alterations in neuronal signaling and gene expression, resulting in long-lasting changes in affected neurons. Similarly, in the case of axonal injury, the elevated calcium levels trigger signaling cascades spreading from the axonal stumps to their cell bodies. For example, in C. elegans, injury-induced calcium transients can promote the activity of DLK-1, through disassociation of an inhibitory DLK-1 isoform from the active kinase (Yan and Jin, 2012) , and that of the classical cell death genes, CED-3 caspase and its activator CED-4/Apaf-1 (Pinan-Lucarre et al., 2012). Activated DLK subsequently engages the entire MAPK cascade and downstream pathways to mediate multiple aspects of the injury response, such as neuronal survival, axonal transport and growth (Ghosh et al., 2011; Watkins et al., 2013; Huntwork-Rodriguez et al., 2013; Holland et al., 2016) . In DRG neurons, back-propagating calcium waves cause activation of protein kinase Cm (PKCm), which induces nuclear export of histone deacetylase 5 (HDAC5), resulting in enhanced histone acetylation and gene expression (Cho et al., 2013) .
In response to injury, glial cells at the lesion site or around the soma often show increased expression and release of cytokines such as LIF, IL-6, and CNTF (Cafferty et al., 2004; Smith et al., 2009) . Furthermore, recent studies showed that after partial lesion of corticospinal axons, the neurons in the spinal cord show increased CNTF expression , perhaps due to altered neuronal activity. These cytokines act on the gp130 receptor complex on responding neurons to activate JAK-STAT pathway, which generate a set of different secondary After axotomy, injury signals generated in the lesion site will be retrogradely propagated to the cell bodies of injured neurons. Dependent on their regenerative capacity, these neurons will undergo adaptive alterations. For regeneration to occur, a key change is the switch of their metabolic status, from inert metabolism in intact mature neurons to anabolic metabolism in regenerating neurons, so that both new proteins and lipids could be continuously synthesized to support axon regrowth. Consistently, both mTOR and c-myc are important for both anabolic metabolism and axon regeneration. messengers for activating axonal growth programs Mü ller et al., 2007; Bareyre et al., 2011; Jin et al., 2015) . Genetic deletion of SOCS3, a negative regulator of the JAK/STAT pathway, in adult retinal ganglion cells, leads to amplification of the JAK/STAT signaling induced after optic nerve injury, and promotes both neuronal survival and axon regeneration Sun et al., 2011; Park et al., 2009) . Forced expression of CNTF in retinal glial cells also results in robust optic nerve regeneration (Pernet et al., 2013) . Although it remains unclear where exactly these signaling events are activated under injury conditions, locally translated STAT3 as well as other regulators (Hanz et al., 2003) might play important roles in this process. Very likely, signaling molecules, either pre-existing or locally synthesized, in other pathways could also act as retrograde messengers. In fact, a recent phosphoproteomics study identified about 900 phosphoproteins in retrograde injury signaling of rat sciatic nerve (Michaelevski et al., 2010) , pointing to a challenge for future studies to distinguish primary changes from subsequent global alterations in injured axons and neurons.
As multiple responses occur after injury, a major challenge is to understand how the generation and propagation of these injury signals are regulated. In the case of DLK, perhaps due to local calcium influx, microtubule disruption and lipid or membrane modification, localized DLK activation might restrict the immediate cellular response to damaged axonal terminals (Yan and Jin, 2012; Ghosh-Roy et al., 2012; Valakh et al., 2013; Holland et al., 2016) . On the other hand, activated DLK can be degraded by the PHR family of E3 ubiquitin ligase (PAM/Highwire/RPM-1) (Nakata et al., 2005; Collins et al., 2006; Xiong et al., 2010) . Moreover, activated JNK might phosphorylate DLK and suppress its ubiquitination, a mechanism that could contribute to neuronal apoptosis induced by axotomy . Studying these and other injury signals and their regulation may provide important insights into injury-induced neuronal responses.
Competence of Regenerative Growth
While damage sensors appear to result in the generation of evolutionarily conserved responses, how the cell bodies of injured axons interpret such signals is highly variable. The two key decisions an injured neuron must make include neuronal survival and axon regeneration. Accumulating evidence suggests that these two processes are mechanistically related, but separately controlled. Neuronal survival is required but not sufficient for axon regeneration, as increasing neuronal survival by deleting p53, Bcl2 overexpression, or manipulating ER stress pathways (Park et al., 2008; Hu et al., 2012) all fail to promote axon regeneration. Instead, the competence of neuronal regenerative responses is regulated at least at two different levels: developmental maturation and injury-induced stress responses. In addition, not only in mammalian CNS, but also in invertebrates, neuronal responses are highly dependent on neuronal subtypes; our understanding of the underlying molecular mechanisms is just beginning.
Age-Dependent Regulation: During development, once a neuronal progenitor differentiates into a neuron, a battery of genetic and epigenetic changes occur, thus establishing axonal growth programs (Konishi et al., 2004) . However, when an axon reaches its target, its motile growth cone transforms into presynaptic terminals. Correspondingly, the neuronal cell bodies switch from ''axon outgrowth mode'' to ''synapse formation and stabilization mode.'' For example, when culturing dissociated rat retinal ganglion cells from different developmental stages, a dramatic reduction of axon growth rates was observed to occur at the neonatal age (Goldberg et al., 2002) . Gene profiling analyses subsequently revealed that the expression of several Kruppellike factors (KLFs) in retinal ganglion cells changes around this time period (Moore et al., 2009) . Functional studies suggest that some of these KLFs, such as KLF6/7, promote, while others such as KLF4 inhibit axon regeneration (Moore et al., 2009; Blackmore et al., 2012) . Similarly, the zebrafish homologs, KLF6a and KLF7a, are upregulated after optic nerve injury and functionally relevant to successful axon regeneration (Veldman et al., 2007) . However, which aspects of axon growth programs are regulated by KLFs remains to be defined. Recent studies have also suggested roles of microRNA in age-dependent axon regrowth ability. In C. elegans a heterochronic signaling pathway involving the highly conserved microRNA let-7 and its target LIN-41 regulates a developmental decline in axon regeneration . Additional evidence also shows that axon regeneration ability in aging neurons can be decoupled from organismal aging in C. elegans (Byrne et al., 2014) .
While the developmental decline of axon growth ability is observed in all types of neurons, a key difference between regeneration-competent and regeneration-incompetent neurons is whether the regenerative ability is re-activated by injury. Therefore, an important issue is to define the molecular features for such reversible and irreversible changes. In this regard, epigenetic modifications, especially histone acetylation and deacetylation, represent an attractive regulatory mechanism. Histone acetyltransferases (HATs) add acetyl groups to lysines, leading to a more open chromatin. Conversely, histone deacetylases (HDACs) remove these acetyl groups, resulting in a more condensed chromatin that is usually associated with gene silencing. In peripheral DRG neurons a correlation between diminished axon growth potential and histone 4 (H4) hypoacetylation was observed (Finelli et al., 2013) . When these neurons are in a growth state, as in the conditioning lesion paradigm, H4 acetylation is restored. As discussed above, axotomy-triggered calcium elevation triggers PKCmÀdependent nuclear export of HDAC5, thereby increasing the level of acetylated histone H3 and the expression of regeneration related genes in DRG neurons (Cho et al., 2013) . Strikingly, axotomy in adult CNS neurons fails to induce similar epigenetic alterations (Cho et al., 2013) , perhaps reflecting the irreversible changes that have occurred in adult CNS neurons.
Along with gene expression programs, the activation levels of regeneration-associated signaling pathways are also regulated during development. For example, in many types of CNS neurons the activity of mTOR, a central regulator of cellular metabolism, is downregulated over the course of neuronal development (Park et al., 2008; Liu et al., 2010; Belin et al., 2015) . However, such changes do not occur in PNS neurons , suggesting that mTOR may be a molecular correlate of regeneration-competent neurons. Other candidates implicated in differential regenerative ability include cell surface proteins, e.g., integrins, which are essential for successful axon regeneration in the PNS, but are absent in regeneration-incompetent mammalian CNS neurons (Eva and Fawcett, 2014) .
Injury-Dependent Regulation: Physiologically, many neurons still exhibit remarkable activity-dependent structural plasticity, even in the adult. Upon partial injury in the CNS, animals and even humans often undergo some degree of spontaneous functional recovery, which is partially the result of structural reorganization of spared axons (Bareyre et al., 2004; Rosenzweig et al., 2010) . In contrast, transected axons have less growth responses. Together with the observed changes in injured neurons, such as atrophic cell bodies, decreased axonal transport, and dystrophic growth cones (Plunet et al., 2002) , these observations suggest that injury per se might contribute to the decline of the intrinsic regenerative ability in adult CNS neurons.
Using a combination of comparative proteomic methods and gene network analysis in injured mouse retinal ganglion cells, Belin et al. (2015) discovered a set of injury-induced signaling alterations, including known regeneration regulators, such as p53, calcium, MAPK, JAK/STAT, the components of mTOR pathway, such as Rictor, Raptor and mTOR, and c-myc. Follow-up studies confirmed injury-induced inactivation of mTOR and c-myc . In non-neuronal cells both mTOR and c-myc have been implicated as master regulators of anabolic metabolism, such as ribosome biogenesis, lipid synthesis, nucleic acid synthesis, intermediary metabolism, and cell growth and proliferation (Dang, 2013) . While c-myc acts as a master transcription factor that controls the expression of many components in these synthetic pathways, mTOR activity regulates the activity levels of these different synthetic pathways. Thus, it is possible that injury could alter neuronal metabolic status by modulating these and other pathways. Consistently, forced overexpression of c-myc, together with co-activation of mTOR led to robust axon regeneration , suggesting that manipulating neuronal metabolic status is an important avenue for modulating their intrinsic regenerative ability.
Several proteins involved in RNA processing are also among the small number of proteins upregulated in injured RGCs , implying that regulation at post-transcriptional levels is part of the cellular stress response mechanism. Interestingly, RNA 3 0 -terminal phosphate cyclases, which are ancient enzymes that regulate RNA processing and repair in metazoa, have been shown in recent studies as negative regulators of axon regeneration in Drosophila, mouse (Song et al., 2015) and C. elegans (Kosmaczewski et al., 2015) . Further, large-scale screening has identified several RNA-binding proteins as required for regeneration in C. elegans Nix et al.; . Thus, it will be interesting to assess how RNA processing is altered by axonal insults.
Neuronal Type-Dependent Mechanisms: Perhaps most surprisingly, regardless of the species and the region of the nervous system (PNS or CNS), different types of neurons tend to possess rather different regenerative abilities, suggesting an additional level of regulatory mechanisms of neuronal intrinsic growth ability. For example, subtypes of peripheral sensory dendritic arborization (da) neurons in Drosophila differ in their response to laser-assisted lesion: only axons from class IV da neurons, but not other classes, are able to regenerate (Song et al., 2012) . Likewise, in C. elegans, closely related motor neurons or mechanosensory neurons exhibit different rates of axonal regrowth, even though their fate specification is under similar transcriptional control (Wu et al., 2007) . Several lines of evidence suggested that this is also the case in mammals. First, early transplantation studies suggested that different descending axons differ in their ability to grow into grafted permissive sciatic nerves . Later studies demonstrated that in comparison with most regeneration-refractory corticospinal axons, injured serotonergic axons do not undergo axonal dieback and often exhibit enhanced spontaneous sprouting in the lesion (Hawthorne et al., 2011) . Along the same lines, neutralizing inhibitory activities associated with the lesion appeared to selectively promote the regeneration of these serotonergic axons (Lang et al., 2015; Hellal et al., 2011; Ruschel et al., 2015) . Second, such neuron type-specific differences have also been verified with laser-mediated single axon lesion methods (Canty et al., 2013) . Third, by applying optic nerve injury in different mouse lines in which individual types of RGCs are genetically labeled with fluorescent proteins, Duan et al. showed that different types of RGCs vary in their survival rates and axonal regeneration: while alpha-RGCs and M1 RGCs preferentially survive in the wild-type mice, PTEN inhibition promotes the axon regeneration selectively from alpha-RGCs (Duan et al., 2015) . Thus, it is likely that such neuron-type specific regenerative ability might be a general phenomenon across different species and different parts of nervous systems.
Little is known about the mechanisms that account for such differential regenerative ability in distinct types of neurons. Recent studies from RGC provide some interesting hints. For example, unlike other types of RGCs, most alpha-RGC neurons in adult mice have detectable mTOR activity (Duan et al., 2015) , which might contribute to their unique regenerative response. Furthermore, examination of the molecular signatures of alpha-RGCs revealed that osteopontin (OPN), a predominantly extracellular protein, is selectively expressed in alpha-RGCs (Duan et al., 2015) . Strikingly, although OPN overexpression itself does not enhance regeneration after optic nerve injury, co-overexpression of OPN with a growth factor such as IGF1 or BDNF, allows robust optic nerve regeneration in alpha-RGCs (Duan et al., 2015) . OPN has been shown to interact with different integ-rins and activate mTOR in non-neuronal cells (Urtasun et al., 2012) . Thus, a possible model is that by interacting with integrins and other signaling proteins, OPN sensitizes neuronal responses to growth factors and promotes injured axons to regenerate. Thus, identifying other cellular and molecular signatures for these subtype-specific differential regenerative abilities should be one of the most exciting frontiers in dissecting the mechanisms that control intrinsic regenerative ability.
Manipulations Enhancing Regeneration in the Mammalian CNS
Perhaps the most significant advance in the past decade is the development of a variety of strategies that increase intrinsic regenerative ability, resulting in reproducibly robust axon regrowth in the adult mammalian CNS (Figure 4 ). Efforts using combinatorial manipulation of multiple factors have shown great promise for devising therapeutic strategies in functional recovery of injured axons. Pharmacological Intervention of Microtubule Cytoskeleton As discussed above, extensive evidence indicates that a disorganized microtubule cytoskeleton impairs axon regrowth. A number of microtubule stabilization compounds clinically used for cancer therapies have been recently tested in experimental injury models. Supplying proper amounts of taxol to the injury site resulted in multiple effects, including decreased scar formation and altered TGFb signaling and axonal transport, leading to enhanced spinal cord axon regeneration and functional recovery (Ertü rk et al., 2007; Chen et al., 2011; Hellal et al., 2011; Sengottuvel et al., 2011) . More recently, systemic administration of a FDA-approved microtubule-stabilizing drug epothilone B showed further promise toward clinical application (Ruschel et al., 2015) . Epothilone B can cross the blood-brain barrier, and exhibits differential effects on the microtubule cytoskeleton in neurons and fibroblasts. In neurons, epothilone B induced rapid microtubule polymerization into the neurite tips and promoted axon elongation, whereas in meningeal fibroblasts, epothilone B prevented microtubule polymerization toward the cell edges, thereby inhibiting scar formation. Future studies on the cell-type dependent effects of such drugs will improve therapeutic specificity and efficiency.
Modulating Intrinsic States of Injured Neurons
In addition, significant axon regeneration has been achieved by manipulating different signaling pathways such as mTOR (Park et al., 2008; Liu et al., 2010; Zukor et al., 2013; Lewandowski and Steward, 2014; Danilov and Steward, 2015) , STAT3 Bareyre et al., 2011) , KLFs (Moore et al., 2009; Blackmore et al., 2012 ), b-RAF (O'Donovan et al., 2014 , and Sox11 . While many studies involved preinjury treatments, such manipulations appear to be effective in promoting axon regeneration even in chronic conditions. For example, deleting PTEN genes in cortical neurons one year after injury still triggers robust regeneration of injured corticospinal axons (Du et al., 2015) .
Going beyond genetic manipulations, the refinement of viral vectors for gene therapy might facilitate translations of these findings from animal models into clinics. For example, viral vector-assisted expression of osteopontin and IGF1/BDNF combination can mimic the effects of PTEN inhibition (Duan et al., 2015; Bei et al., 2016) . Similarly, exogenous application of cytokines such as CNTF can activate the Jak/STAT pathway in mature neurons and lead to axon regeneration Sun et al., 2011; Pernet et al., 2013) . Co-manipulation of these pathways such as overexpression of osteopontin, IGF1 and CNTF, could further enhance axon regeneration (Bei et al., 2016) . In addition, it is conceivable that small molecule compounds or soluble proteins could be developed to mimic the effects of these manipulations. For example, a PTEN antagonist peptide has been shown to be beneficial in experimental spinal cord injury models (Ohtake et al., 2014) . Similarly, valproic acid also has been shown to improve recovery in in vivo injury models (Gaub et al., 2010) , although it is unknown as to the contribution of its effects on HDACs.
Increasing evidence suggests that manipulating neuronal activity might be another approach of enhancing neuronal intrinsic growth ability. For example, several rehabilitation procedures are able to initiate and stabilize collateral sprouts from spared axons (van den Brand et al., 2012; Wahl et al., 2014) . Neuronal activity may activate the gene expression programs related to axon growth, such as cAMP/CREB. More recently it has been suggested that forced neuronal activation could promote the While several events associated with injured axons and their cell bodies could impair the intrinsic regenerative ability, a variety of manipulations targeting each of these aspects have been shown to be able to enhance axon regeneration. As successful axon regeneration is the result of coordinated actions, it is likely that combinatorial treatments would be needed for maximized regrowth.
regeneration of injured optic nerve axons in an mTOR-dependent manner (Li et al., 2016) .
Inflammation-Based Strategies
Inflammation-derived signals could also impact intrinsic growth ability at least in some types of adult neurons. Activating inflammation locally by intravitreal injection of zymosan, a macrophage activator, or lens injury also resulted in enhanced axon regeneration after optic nerve injury (Fischer et al., 2001; Leon et al., 2000) . Similar regenerative enhancements mediated by innate immune responses have also been observed in DRG sensory neurons (Steinmetz et al., 2005) . Recent studies suggest that regeneration-promoting effects are linked to the activation of the immune receptor dectin-1 expressed on resident microglia and infiltrated leukocytes, and further that intraocular administration of particulate b-glucan can promote optic nerve regeneration in adults (Baldwin et al., 2015) .
Multiple molecules derived from activated immune cells have been implicated as key players in activating neuronal growth ability of adult CNS neurons. Oncomodulin, a calcium-binding protein, was initially identified using biochemical approaches as enhancing axon growth (Yin et al., 2006) . Other studies suggested that upon inflammation, activated cells, perhaps astrocytes, secreted cytokines like CNTF and LIF, which subsequently enhance axon regeneration (Mü ller et al., 2007) . Furthermore, the effects of lens injury on promoting optic nerve regeneration were abolished in CNTF and LIF double knockout mice (Leibinger et al., 2009) . Taken together, although the detailed mechanisms and potential side effects of such manipulations such as neuronal death need to be further characterized, these studies suggest that modulating innate immune responses is one promising therapeutic strategy for enhancing axon regeneration in vivo.
From Axon Regeneration to Functional Recovery
From the perspective of functional restoration, anatomical axon regeneration is still just the first step in the process in rebuilding functional circuits. For many of these manipulations, it remains to be tested whether and how these regenerated axons find their targets, form functional synapses, and undergo synaptic maturation and refinement for restoring lost function. Recent studies yielded some promising results but also pointed to several challenges. For example, despite some encouraging results (de Lima et al., 2012) , other studies have shown that many regenerated axons do not follow their original projection trajectories (Luo et al., 2013; Pernet et al., 2013; Belin et al., 2015) . This might not be surprising, because an important lesson from studies in the PNS is that regenerated axons often mis-project. Importantly, the subsequent activity-dependent pruning steps could refine neuronal connections for functional improvements (Gordon and English, 2016) . In this regard, recent advances have been made in achieving improved voluntary movements, by epidural stimulation-based rehabilitation methods, in near completely motor-paralyzed spinal cord injury animals (van den Brand et al., 2012; Harel et al., 2013; Wahl et al., 2014) and patients (Harkema et al., 2011) . It is conceivable that the combination of these strategies could maximize functional recovery with small numbers of axons that can feasibly regenerate and connect to their targets.
Furthermore, proper function of these long-distance regenerated axons also relies on myelination to rapidly propagate neuronal signals. Bei et al. (2016) found that regenerated retinal axons induced by co-deletion of PTEN and SOCS3 or coexpression of osteopontin, IGF1 and CNTF have poor conductance, likely due to the lack of myelination. Although the application of voltage-gated potassium channel blockers such as 4-aminopyridine and its derivative could partially restore behavioral function (Bei et al., 2016) , these results point to a need for developing accessory treatments of promoting myelination of these regenerated axons. In addition, considering the relatively slow growth rate of regenerating axons, it might take a long time for them to reach their physiological targets. At least in spinal cord injury, building up relay pathways by recruiting endogenous intraspinal and propriospinal neurons (Bareyre et al., 2004) or grafting neuronal stem cells (Bonner et al., 2011; Lu et al., 2012 Lu et al., , 2014 could be a promising accessory strategy of propagating the signals carried by regenerating axons to the distal targets.
Perspectives
While recent studies have advanced our mechanistic understanding of axon regeneration and provide insights into possible avenues for the treatment of CNS injury, a number of challenges remain. For example, although we have obtained significant mechanistic details, it is still unclear to what extent axon regeneration can be manipulated by one or a few key factors, or how additional efforts may further improve from currently tested combinatorial approaches. In mammalian PNS, although injured neurons retain regenerative ability, a clinical issue is that proximal nerve injury in human results in minimal restoration of motor function, possibly due to the slow rate of spontaneous axon regeneration (Painter et al., 2014) . Thus strategies need to be developed to speed up axon regeneration to improve functional outcomes. In the adult CNS, although significant numbers of regenerating axons have been achieved in animal models, these represent a suboptimal population of injured axons and perhaps from restricted subsets of mature neurons. Furthermore, it remains to be tested whether these manipulations are effective in primates and humans. In light of recent characterizations of different regenerative responses associated with specific neuron types, understanding the biological basis of these differences will be important for developing medically relevant approaches. Addressing these questions will also greatly benefit from new technology in neuronal labeling, precision lesion and single cell gene expression profiling.
It is foreseeable that identification of other regeneration-promoting molecules will allow for the development of new neural repair strategies. For example, by surveying different mouse strains, Omura et al. (2015) recently discovered that CAST/Ei mice possess unusually high axon regenerative ability in both the PNS and CNS. CAST/Ei mouse adult dorsal root ganglion neurons extend axons more on CNS myelin than eight other strains tested, especially after a conditioning lesion. Injuryprimed CAST/Ei neurons also regenerate in the spinal cord and optic nerve, more than those from C57BL/6 mice, and also show greater sprouting following ischemic stroke. At least some of this effect could be attributed to elevated activin expression and signaling in this mouse strain, providing new candidates for in vivo testing.
Furthermore, considering the goals of developing axon regeneration-based functional recovery, there are other unanswered questions. For example, how many regenerating axons and what degrees of synaptic specificity from regenerated axons are needed to restore specific behavioral tasks? Considering the difficulty in rebuilding the same circuits as in the intact organism, what types of behavioral performance could be restored by regeneration-based approaches? The development of effective strategies for promoting axon regeneration should help find answers to these and other fundamental questions.
